The University of Maine

DigitalCommons@UMaine
Honors College
5-2012

The Hydrological and Geochemical Role of the C Horizon in a
Glacial Till Mantled Headwater Catchment
Margaret A. Burns

Follow this and additional works at: https://digitalcommons.library.umaine.edu/honors
Part of the Earth Sciences Commons, and the Environmental Sciences Commons

Recommended Citation
Burns, Margaret A., "The Hydrological and Geochemical Role of the C Horizon in a Glacial Till Mantled
Headwater Catchment" (2012). Honors College. 42.
https://digitalcommons.library.umaine.edu/honors/42

This Honors Thesis is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted
for inclusion in Honors College by an authorized administrator of DigitalCommons@UMaine. For more information,
please contact um.library.technical.services@maine.edu.

THE HYDROLOGICAL AND GEOCHEMICAL ROLE OF THE C HORIZON IN A
GLACIAL TILL MANTLED HEADWATER CATCHMENT
by
Margaret A. Burns

A Thesis Submitted in Partial Fulfillment
of the Requirements for a Degree with Honors
(Ecology and Environmental Sciences)

The Honors College
University of Maine
May 2012

Advisory Committee:
Ivan Fernandez, Professor of Soil Science, Advisor
Stephen Norton, Professor Emeritus of Earth Science
Madeleine Mineau, Aquatic Ecologist, Assistant Research Professor
Scott Bailey, Geologist, U.S. Forest Service
Melissa Ladenheim, Assistant Professor, Adjunct, Honors College

Abstract:

The C horizon is the deepest soil layer that is technically unweathered, similar to the rest
of the regolith beneath the bottom of the pedon. In New England, the C horizon formed
from the retreat of the glaciers eroding bedrock and depositing an unsorted and
unstratified glacial till on the surface. This research evaluated the hydrologic and
chemical role of the C horizon, inclusive of underlying regolith, in a forested watershed
at the Hubbard Brook Experimental Forest (HBEF) in New Hampshire. Results suggest
that the C horizon at HBEF is extensive and heterogeneous. Traditional concepts of basal
till offer a limited role for the C horizon in watershed hydrology, but the C horizon
appears to make a significant contribution to the hydrologic cycle in this watershed
system. Hydraulic conductivity across B/C horizon boundaries does not decrease with
depth indicating a hydrologic contribution of the C horizon to watershed hydrology.
There was no evidence of marked differences in mineralogy among study sites based on
weathering studies, although no conclusions could be drawn about the chemical
contribution of the C horizon without further analysis and information on mineralogy.
However, the presence of water flow paths through the C horizon means that this zone in
the regolith contributes to watershed hydrology, and causes us to consider the effects of
mineral weathering in the C horizon on deep water and its relative contribution to surface
water chemistries. Future studies should be conducted with the aim of refining our
understanding of the mineral composition of the C horizon and its relative importance in
ground water chemistry.
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Chapter 1: Literature Review

1.1 Introduction
A limited number of studies have been conducted assessing the hydrologic
contribution of deep glacial till because of its inaccessibility and relative impermeability
(Jansson et al., 2004). Variations in till properties such as grain size, bulk density and
mineralogy can alter both the hydrological and chemical properties of whole watershed
systems (Beldring, 2002; Espeby, 1990). The heterogeneity of these properties makes it
challenging to understand water flow paths in glacial till deposits (Espeby, 1990). There
are a variety of reasons why understanding glacial till hydrologic properties is important.
Hydrologic flow paths can affect the chemistry of groundwater by interacting with a
variety of soil types (Hogan & Blum, 2003; Genereux & Hooper, 1998). As humans, we
rely on natural systems for our basic ecosystem services (Groffman et al., 2004).
Specifically, watershed hydrology is essential to understanding the availability and
limitations of these services. Watershed hydrology not only provides insight into stream
chemistry, but it is a valuable tool in understanding flood patterns for building purposes
and erosion control efforts (Genereux & Hooper, 1998). Insight into the soil chemical and
physical properties in a forested ecosystem can improve our understanding of these same
chemical and physical properties in a variety of ecosystems. A study of glacial till in
Alberta showed that weathered glacial till underlying an irrigated field contained enough
macropores to allow vertical water migration, enhancing soil health (Hendry, 1982).
Cuthbert et al. (2010) performed a comprehensive study of hydrologic flow paths through
both the unsaturated zone and the saturated zone as well as their continuation into the
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resultant aquifers. Due to the heterogeneous nature of glacial till deposits, their findings
demonstrated that preferential flow paths can have a significant impact on hydrologic
properties of glacial till (Cuthbert et al., 2010).

1.2 What is the C Horizon?
The C horizon is a soil horizon that typically experiences less weathering in
response to pedogenic processes responsible for weathering in the overlying horizons
which is referred to as the solum (Soil Conservation Service: U.S. Department of
Agriculture, 1993a). At the watershed used for this study, watershed three (W3), the soils
originated from the deposition of unsorted and unstratified material during glacial retreat.
This material was deposited onto the bedrock surface, and over time, was altered via
pedogenic processes. These processes, including vegetation rooting, microbial
decomposition and water movement, generally occur more intensively near the surface
soil and their intensity decreases with depth.
1.3 Saturated Hydraulic Conductivity
Saturated hydraulic conductivity is a measure of the ease of water movement
through soil under saturated conditions. This occurs when water occupies 95% of the
pore spaces (Soil Conservation Service: U.S. Department of Agriculture, 1993a). Soil
heterogeneity causes saturated hydraulic conductivity to be a variable soil property. In
situ hydraulic conductivity measurements are thought to be more representative of the
actual hydraulic conductivity than experiments conducted in the laboratory (Soil
Conservation Service: U.S. Department of Agriculture, 1993a). This leads us to consider
the scale used for determining saturated hydraulic conductivity. A study done in Iowa
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compared the hydraulic conductivities of a small-scale slug test with a larger pumping
test. These results showed that in this till material with an approximately 20% clay
fraction, the hydraulic conductivities determined from the slug test were correlated with
the pumping test results (Jones, 1993).

1.4 Using mineralogy to understand flow paths
As water cycles through the atmosphere-biosphere-lithosphere continuum it is
constantly being altered by processes such as evaporation, organismal alteration and
weathering of elements (Garrels & Mackenzie, 1967). ‘Old’ water originating from deep
groundwater sources carries a different chemical signature than ‘newer’ water from
precipitation and can influence the associated stream chemistry (Shanley et al., 2003).
Deep groundwater sources are primarily influenced by mineral weathering of solutes
(Shanley et al., 2003) and characteristically have a higher pH (Espeby, 1990). Molar
ratios of solutes present in solution can be used to interpret the mineralogical source of
these solutes (Garrels & Mackenzie, 1967).
Natural tracers can also be used to understand the temporal and spatial movement
of water. Characterizing water flow paths throughout forested watersheds is important in
understanding the causes of variations in water chemistry. Often, isotopes of hydrogen
and oxygen are used to determine the source of water entering streams. However, these
isotopic signatures cannot explain the pathway water took from its infiltration into the
soil until its output into a stream (Hogan & Blum, 2003; Genereux & Hooper, 1998).
Water can enter stream channels along a variety of flow paths including deep flow paths
originating in saturated conditions. For example, ratios of strontium [Sr] to calcium [Ca]
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and barium [Ba] can be used to better understand the flow paths of water that enters the
stream channels. Because these elements weather at specific ratios that can be traced back
to unique mineralogical stoichiometries in the area (Hogan & Blum, 2003).

1.5 Hubbard Brook Experimental Forest (HBEF) as an Ecosystem Model
The HBEF is a valuable study site to support modeling ecosystem patterns and
processes in New England. This is due to the availability of a long-term data set and its
representativeness of forested ecosystems in northern New England (Bormann & Likens
1994). Research about forested ecosystems is driven by the human need for the
ecosystem services provided by forested landscapes (Groffman et al., 2004). Groffman et
al. (2004) provides some examples of these services, including water and air quality,
wood production, landscape diversity and recreation. Both natural and anthropogenic
drivers can cause variation in the availability of these ecosystem services, but it is often
difficult to distinguish the relative importance of these sources (Groffman et al., 2004).
Throughout the Hubbard Brook study, researchers have created multiple models to
explain the linkages between both internal and external influences on ecosystem
functioning (ex. Groffman et al., 2004; Likens & Bormann 1995). The classic
geochemical model for HBEF assumes that watershed inputs and outputs are controlled
by meteorological and biological sources and that the geologic substrate is impermeable
and does not strongly participate in the watershed hydrologic budget (Likens & Bormann,
1995). However, recent research suggests that chemical variation in stream water may be
indicative of deeper source water, potentially originating from geologic bedrock fractures
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(Zimmer et al., in prep). The relative importance of this deeper source contribution is still
unknown.
1.6 Study Objectives
The intent of this study was to examine the glacial till found beneath the solum to
understand its contribution to catchment hydrology. Generally, the C horizon is
operationally defined as the unweathered material within 2 m of the surface (Soil
Conservation Service: U.S. Department of Agriculture, 1993b). This is an effective
functional definition for pedological purposes because of the thin solum in most
northeastern U.S. soils, thereby allowing this operational definition of soil depth to
capture the solum and a component of its underlying parent material, the C horizon.
Typically, below 2 m, the unweathered and unconsolidated geologic material is referred
to as the rest of the regolith. For the purposes of this study, the C horizon designation will
refer to all substrate located between the solum and the bedrock surface.
The goals of this study were to hydrologically and geochemically characterize and
understand the C horizon underlying W3. The objectives were as follows:
1. To characterize and quantify the presence and abundance of the C horizon
underlying W3.
2. To determine the hydrologic properties of the C horizon using hydraulic
conductivity measurements and particle size analysis.
3.

To understand the weathering behavior of the C horizon in an attempt to
ascertain the geochemical contribution of the C horizon to subsurface water
flow.
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Chapter 2: Methods

2.1 Site Description
Watershed three (W3) is located in the White Mountains of New Hampshire at the
HBEF. It is the headwater catchment of Paradise Brook, a tributary to Hubbard Brook.
HBEF has six adjacent watersheds on its southern slope; the eastern most being W3. W3
and watershed six (W6) both serve as reference watersheds for the larger ecosystem study
(Bormann & Likens, 1994). These reference watersheds represent natural chemical and
hydrological variation which allows for the study of ambient hydrologic and chemical
budgets of the HBEF valley.
W3 is 41 ha and is located on the east side of the Hubbard Brook valley (Figure
1). It is part of the White Mountain National Forest and is characterized by vegetation
typical of mid-elevation mature northern hardwood forests (Bormann & Likens, 1994).
The lower elevations of W3 are dominated by sugar maple (Acer sachharum), American
beech (Fagus grandifolia) and yellow birch (Betula alleghaniensis) while the high
elevations are comprised of balsam fir (Abies balsamea), red spruce (Picea rubens) and,
paper birch (Betula papyrifera) (Likens & Bormann, 1995).
The W3 drainage network is comprised of perennial, intermittent and ephemeral
stream flow as well as perennial seep zones (Zimmer et al., in prep.). All tributaries drain
into Paradise Brook whose outlet discharge is measured by a v-notch weir. Stream
chemistry is highly variable on both a spatial and temporal scale with seeps exhibiting
unique solute chemistry (Zimmer et al., in prep.)
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W3 bedrock is comprised of metasedimentary rocks consisting of the Silurian
Rangeley Formation including calc-silicate rocks with abundant plagioclase. Also present
around W3 are The Littleton Formation, which is an aluminous schist with quartz and
plagioclase, as well as the Kinsman Formation with biotite and muscovite granite high in
potassium feldspar (Hatch & Moench, 1984). Bedrock outcrops can be found at high
elevations near the watershed divide as well as intermittently throughout the stream
network. The underlying bedrock at W3 has been historically assumed to be
impermeable, allowing precipitation inputs to be accounted for through stream loss,
evapotranspiration and changes in soil storage (Likens & Bormann, 1995).
At W3 the bedrock is covered by glacial till parent material and the soils are
dominated by Spodosols (Likens & Bormann, 1995). However, five different soil types
have been defined in W3 based on their hydrologic properties by Brousseau et al. (in
prep.) and are defined as follows. Near the watershed divide, we find (1) E, and (2) Bhs
podzols. The E podzols are located close to the bedrock outcropping and are formed by
the lateral percolation of water from the bedrock ridges. As water flows laterally off the
bedrock ridges, solutes are leached and soils with an enlarged E horizon (E podzol)
formed near the bedrock, while solute accumulation occurs further downslope, forming
Bhs podzols. The (3) typical podzols are found extensively throughout the watershed and
are characterized by well-drained soils. They developed via vertical percolation and their
horizon sequence is analogous to Spodosols. (4) Bh podzols are found in areas of flat
topography with higher water table. They typically develop an enlarged Bh horizon
where the water table does not allow vertical percolation. Lastly, (5) bimodal podzols
have a Bh horizon located directly above the C horizon boundary. They undergo vertical
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percolation in the solum, however, frequent intrusion of the water table into the lower B
horizon causes a build-up of organic carbon. In this study we refer to all regolith below
the solum and above consolidated bedrock as “C horizon”.

2.2 Site Selection
Sampling sites were primarily chosen due to topography and the availability of
previous soil and groundwater data. Site selection attempted to encompass the range of
topographic variation evident in the watershed. A concentrated number of sites, including
K8, K11 and K1d, were placed in the vicinity of seep 3, located in the upper central
section of the watershed (Figure 2). This area has perennial seepage not directly
connected to either of the adjacent streams. The water chemistry from this seep area
varies significantly from the stream water chemistry. Deep wells were installed in this
area in an attempt to understand the flow paths around this seep.
The west side of W3 has high ridges that run parallel between the streams. It is
unknown if these ridges reflect bedrock topography, or are glacial till deposits. H4 was
placed on the east side of the spur between streams w1 and w2. This site was chosen to
help understand the influence of the ridges on the groundwater flow and chemistry.
Previously constructed topographic maps of W3 showed that unlike the west side of the
watershed, the east side showed very little surficial water flow. The east side of the
catchment had no significant spurs and only a few streams. Previous soil analysis showed
that the majority of W3 is typified by sandy loam C horizon (Brousseau, unpublished
data). Site A7 was placed near a loamy sand location to understand its connection to
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water flow. Site N5 was chosen at the highest elevation C horizon. This site was located
about 10 m from bedrock outcrops. A summary of these locations and their rationale is
located in Table 1.

2.3 Field Sampling and Well Installation
Six soil pits were dug to the C horizon using a combination of mechanical hand
tools and a three inch diameter diamond power corer. The upslope side of each pit was
left undisturbed for later description of soil morphology and sampling. Soil color was
determined using a Munsell color book. The pits were dug until hand tools no longer
allowed penetration. The upslope side of the pit was then cleaned and measured for
horizon boundaries. A sample of each horizon was taken for analysis in the laboratory. At
this point, generally at the C horizon interface, the bottom of the pit was cleared and the
power corer was lowered into the bottom. Soil subsamples were removed from the corer
bit at approximately 15 cm intervals until the hole was at the final desired depth. A knife
was used to remove approximately 15 cm of soil from the corer bit. Any remaining soil in
the corer was discarded due to contamination of soil from the solum.
Once the pit was dug and the samples were collected and labeled, well installation
began. At all pits except K11, 2.0 m wells made of schedule 21 PVC pipe were placed
inside the corer hole. Soil pit K11 only required a 1.5 m well. A sand mixture used to
pack the well screen was collected. A nearby location was chosen to best match the
native material of the area with regards to chemical composition. This sand was then wet
sieved to remove particles less than 0.25 mm, to be sure it did not clog the well screen.
This sand was poured into the corer hole to cover the well screen area. Above this, a
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slurry of C horizon material and water was placed in the hole until it was flush with the
bottom of the soil pit. This slurry was used to seal the hole as much as possible to avoid
contamination by solum material. While the soil pit was filled back in with native solum
material, the well was held steady with a level to ensure it was straight. After the pit was
filled, a 2.0 m Odyssey Capacitance Water Level Logger (Dataflow Systems PTY LTD,
New Zealand) was installed in the well. These devices were set to record water table level
at ten-minute intervals.

2.4 Slug Tests
After well installation, a slug test was performed at each site to characterize
saturated hydraulic conductivity at the depth of the well screen. This installation followed
the methods of Sanders, adapted from Horslev (Sanders, 1998). A rising slug test was
performed on each well. A slug, made of PVC pipe filled with sand and capped at both
ends, was placed inside the well along with a 2.0 m Odyssey Capacitance Water Level
Logger. The recording device was then set for 10 second intervals. These were each left
undisturbed until the water level had equilibrated with the slug (generally 2-3 hrs). At this
point, the slugs were quickly removed from the wells and the water level recorders were
left in overnight. Water table height was measured for the following day after the water
level reached equilibrium level.

2.5 Amoozemeter
Prior to digging the soil pits, Amoozemeter (Amoozegar, 1989) measurements
were taken at each pit location to determine saturated hydraulic conductivity in the B and
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shallow C horizons. The exception to this was site H4, where the pit was dug prior to the
Amoozemeter measurements. For this pit, the Amoozemeter measurement was taken
approximately 5 m from the site of the pit. The Amoozemeter is a compact constant head
permeameter (CCHP) that can be used to measure saturated hydraulic conductivity in the
vadose zone (Amoozegar, 1989). Once the location was identified, a 5 cm diameter
borehole was made until the removed soil showed the characteristics of a lower B horizon
(approximately 45 cm). The Amoozemeter tubing and extension was then inserted into
the hole and the Amoozemeter released a flow of water to create a 15 cm head of water.
At this point, flow rate measurements were taken at even time intervals to determine the
rate needed to maintain the 15 cm head. This was repeated in the same borehole dug to a
depth of approximately 90 cm and 100 cm. Multiple depths spanning the B/C interface,
and into the C horizon were chosen to create an understanding of the hydraulic
conductivity in the vertical profile. Generally, the last measurement depth was
determined by resistance to further penetration by the hand corer tool, usually due to
compact till.

2.6 Mechanical Analysis
Mechanical analysis was used to determine the textural classes of the soil
samples. Within the C horizon, three depths at each pit were chosen for mechanical
analysis. Mechanical analysis was performed with the intent of determining layers of
varying particle size to understand the influence of preferential water flow. These depths
were chosen to encompass the vertical profile of the C horizon. Depth increments were
chosen based on field observations to quantify layers of varying consistencies and
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textures. For pits H4, K11, K1d and N5, these depths were all selected within the C
horizon, representing the shallow, mid and deep portions of the C horizon. For pit K8, the
shallow depth was chosen in the lower Bh horizon. K8 demonstrated a bimodal pattern
with a Bh horizon located below a Bhs. The Bh horizon was chosen to further understand
its development and its contribution to flow paths. The shallow depth analyzed for
particle size at A7 was a Bhs horizon. This was chosen as a comparison to K8 to
understand the B/C horizon interface.
Mechanical analysis of these soils was determined using the methods of Bauder
and Gee (Bauder & Gee, 1979). No pretreatment was done to remove organic matter
because it was assumed that organic matter content was < 3.5 %. Once depths were
selected, 40.0 + 0.05 g of soil were weighed and placed in an Erlenmeyer flask. This soil
was previously passed through a 2 mm sieve and stored in Ziploc ® bags. 100 ml of 5%
sodium hexametaphosphate dispersing solution was then added to the flask. These flasks
were covered with Parafilm® and attached to a reciprocating horizontal shaker for 16
hours. After the 16 hours was complete, the flasks were removed from the shaker and the
solution was transferred to the sedimentation cylinders. Deionized water was then added
to each sedimentation cylinder and brought to a final volume of 1 L. The solution was
then left to reach room temperature in the sedimentation cylinders for two hours.
After two hours, the solution was mixed for one minute using manual end over
end shaking. Thirty seconds after the shaking, the hydrometer was inserted into the
suspension and a reading was recorded at approximately 40 seconds. This value, (R sand)
gives the percent sand found in the sample. The cylinders were then left undisturbed for
six hours. At this point, the temperature was taken and the length of the settling period
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was adjusted based on this temperature. After the settling period, the hydrometer was
again inserted into the cylinder and a reading was taken for Rclay, the percent of clay
found in the sample. Using these two percent values, the percent silt (R silt) can be
calculated.

2.7 Acid Replenishment Weathering Experiment

Methods for the weathering experiment were largely adapted from those of
Randall Perry in his Masters thesis at the University of Maine (Perry, 2009).
2.7.1 HNO3 Acid Preparation
Trace metal grade concentrated HNO3 was titrated into successive 2.0 L beakers
of deionized water to pH 2. The beakers were placed on a magnetic plate with stir bar
coupled with a calibrated pH probe. Once pH 2 was reached, the solution was transferred
into a 25 L acid washed carboy. This process was repeated until 22 L of solution was
available in the carboy. The carboy was capped and shaken end over end for one minute.
It was then stored in secondary containment under a forced draft fume hood and used for
weathering equilibrations. This solution was prepared in bulk so a single and consistent
source solution could be used for both acid addition intervals during the experiment.

2.7.2 Sample Extraction
After the above solution was prepared, 25.0 + 0.01g of sieved soil (<2 mm), was
added to an acid washed and labeled 500 ml high density polyethylene (HDPE) plastic
bottle. Each bottle was then filled with 500 ml of the pH 2 HNO3 solution. The level of
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solution in each 500 ml bottle when filled was marked, and this mark was used for
replenishment of acid solution during the second time interval. Each bottle was capped
and shaken immediately for one minute and this was repeated five days per week until
two days before solution extraction. No shaking occurred prior to solution extraction to
allow settling of suspended solids. These bottles were stored at room temperature in the
laboratory and left undisturbed, aside from shaking, until solution extraction.
One week following the acid addition, the solution in each bottle was removed
using a vacuum pump. The Tygon® tubing from the pump was placed directly below the
surface of the solution and slowly drained to 3-4 cm above the sediment surface
(approximately 400 ml of solution). The bottom 3-4 cm of solution was left to avoid
disturbing the sediment and extracting particles into the sample. The solution was
transferred into an acid washed and labeled 500 ml Erlenmeyer flask. This sample was
filtered through a 0.45 µm filter and collected in a 500 ml sidearm flask. Prior to
filtration, each filter was labeled and weighed. Once filtration was complete, the filters
were placed on watch glasses and dried in the oven at 65ºC for approximately 48 hrs.
They were then reweighed to quantify sediment load on the filter by comparison with the
weight of the filters prior to filtration. Two blank filters were oven dried to quantify any
loss of moisture from the filter paper. After filtering was completed, the sample was
poured into two acid washed and labeled 30 ml HDPE plastic bottles. Sample was poured
once to rinse the bottle, discarded, and poured a second time for analysis. One bottle was
shipped for chemical analysis by inductively couple plasma mass spectrometry (ICP-MS)
at the US Geological Survey (Branch of Regional Research, Water Resources Division,
Menlo Park, CA) and the other was stored in the refrigerator as an archive. Analyses for
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Ca, phosphorous [P], aluminum [Al], lithium [Li], potassium [K], silica [Si], uranium
[U], magnesium [Mg] and manganese [Mn] were carried out by ICP-MS.
Solid soil digest was also performed on each sample at the US Geological Survey.
Soil was powdered and placed in a beaker with concentrated nitric and hydrofluoric acid
until the powder was dissolved in solution. This process can take up to several days.
After the powder was dissolved, the solution was evaporated and 10 ml of hydrochloric
acid was added to the solution to completely dissolve the remaining rock powder. Next,
approximately 100 l was extracted, diluted and run through the ICP-MS for elemental
concentrations (T. Bullen, personal communication, March 19, 2012).
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Chapter 3: Results
3.1 Observational Field Data
In all six locations across the watershed, bedrock was not reached during pit
excavation. The variability in pit depth was likely governed by intersection with dense
basal till or large cobbles that no longer allowed penetration by the power corer during
excavation. The final depths of the holes varied from 154 cm in K11 to 218 cm in H4
(Figure 3). All pits had C horizons material until the final depth of the hole.
Color was the only sample description made in the field because the power corer
altered soil structure during excavation. Figure 3 shows variations in soil color by depth
in each pit, and that most of the variations in color were slight. No pit had a homogenous
color all the way through the vertical profile of the C horizon. K1d showed the highest
amount of variation in color, with a 10YR hue appearing up to 47 cm into the C horizon.
The color in this soil profile ranged from a 10YR – 2.5Y hue, a 5 – 3 value and a 4 -2
chroma. Both A7 and H4 had 10YR hues present in the C horizon, at depths of up to 29
cm and 15 cm into the C horizon. Across all pits, the range in C horizon color was from
10YR 4/3 to 5Y 5/2 with most colors falling into the 2.5Y hue.
Although accurate field measurements of consistency and texture could not be
made, some observations were noteworthy during excavation. At the depth of 151 -161
cm in pit A7, there was morphological evidence of active redox in the form of red
colored iron deposits. The material removed from the corer at a depth of approximately
133-145 cm had similar visible iron concentrations. No mottles were left undisturbed
when removed from the power corer, and therefore, could not be accurately colored.
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The shallow depth at H4, 60-75 cm, was removed using a hand corer. This
allowed for an accurate field description of the soil. This depth had a platy structure and
had common iron concentrations on the ped faces with a color of 7.5YR 3/3. At pit N5,
we saw a few lenses of sandy material from approximately 161 cm to 181 cm with colors
of 2.5Y 5/2 to 5Y 5/2. Below this depth the material was again loamy.

3.2 Particle Size Analysis
Particle size analysis showed that three textural classes existed among these
samples. Textural classes were determined using the soil textural triangle from the
National Resource Conservation Service (Figure 4) (United States Department of
Agricutlure). The most common textural class was sandy loam, existing in eleven
samples. Six of the samples were loamy sand and one sample was sandy clay loam.
Mechanical analysis results were calculated on an oven-dried mass basis. The sand, silt
and clay fractions were determined using the equations found in Bauder and Gee (1979).
The two sites exhibiting the highest total sand content were K8 and K1d (Table
2). These wells were the two wells located closest to seep three. Sites H4 and A7 had the
highest values of % clay. The mid-depth at H4 contained enough clay to classify the
texture as sandy clay loam. No remarkable differences were found from the two B
horizon samples analyzed.

3.3 Hydraulic Conductivity Measurements
All hydraulic conductivity measurements taken at each pit are shown in Figure 5.
The first three measurements for each pit were made using the Amoozemeter
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(Amoozegar, 1989) and the final measurements for all pits except H4 were made using
the slug test method. Amoozemeter measurements were calculated using the Glover
equation. Slug test measurements were calculated using the Hvorslev method (Sanders,
1998). Slug test measurements are represented by circled data points in Figure 5 while
Amoozemeter results constitute the rest of the data points.
Most pits showed results that clustered at <1.0 cm hr -1 at depth, except N5 that
showed notably higher hydraulic conductivities than the other pits. K11 and H4 had
notably higher hydraulic conductivities at the shallowest depth, but decreased to <1.0 cm
hr-1 immediately thereafter. Measurements found at the deepest positions were lower
than 0.50 cm hr-1 while N5 had a hydraulic conductivity of ~2.30 cm hr -1 at the deepest
position of nearly 200 cm. The shallow depth at H4 determined with the Amoozemeter
was the highest conductivity of 5.08 cm hr -1. The B/C interface did not show a drastic
decrease in conductivity. The shallowest Amoozemeter measurement at sites A7, K8, and
K11 were all taken in a B horizon. For N5, the shallowest Amoozemeter measurement
represents a BC horizon (horizon designation for pits K1d, K11 and N5 were extrapolated
from previous pits dug within approximately 1 m of site location). At sites A7, K8, K11
and N5 no patterns of decreasing conductivity are observed across the B/C interface.

3.4 Soil Weathering
For all extractions except one, the sediment loss during filtration was not
significant. For the first sample extraction, the pump was not working properly and did
not maintain a constant suction. This caused some mixing of the soil on the bottom of the
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bottle and resulted in a sediment loss on a mass basis of 0.156% of the total soil sample.
All other samples lost less than 0.050% sediment with an error of 0.002% + 0.008%.
Weathering results showed no clear differences in patterns of cation weathering
across pits or vertically through pits as judged by ratios of key cations to Si (Figure 6).
Ratios of Na, Ca and Mg to Si are presented to normalize the rate of base cation release
by mineral weathering, assuming that major differences in mineralogical composition
would be reflected as notable contrasts among the weathering products on a per mole of
Si basis. Typical of overall heterogeneity in soils, there was a great deal of variation
among the pits. Suggestions of possible trends, such as slightly higher Ca:Si in K8, K1d,
or K11, or a higher Mg:Si in K8, could be a reflection of plagioclase or biotite being
more dominant in these materials, although these differences are quantitatively small.
Specific mineralogical composition of regolith in these locations at HBEF is widely
unknown which limits the conclusions that can be drawn from these mineral weathering
results.
Solid soil digestion was performed to compare mineral weathering data to the
mineral weathering of the soil. An X-Y correlation between solid soil data and the
solution weathering data for the ratios Ca:Na, Ca:K and Ca:P showed no evidence of
significant correlations (Figure 7). R2 values for these ratios ranged from 0.00868 to
0.08012.
Calculations were then carried out to account for possible contributions from
exchangeable phase cations to the weathering solutions based on representative C horizon
data from adjacent watersheds. This should more accurately reflect the solute
concentrations attributable to mineral weathering compared to surficial phases. Figure 8
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shows the cation:Si ratios as calculated to account for exchangeable cation contributions.
The exchangeable phases of Na and Mg appeared to contribute a significant component
of the weathering solution concentrations (average for Na was 34% and 24% for Mg)
compared to Ca, where the exchangeable contribution was an average of 12%. The
calculation to account for exchangeable phase contributions logically reduced the
cation:Si ratios, however, the general patterns of variability among the ratios remains
similar to the unadjusted data (Figure 8). Figure 9 shows the ratios of Ca:Na and Ca:K for
the exchangeable-corrected solution weathering data versus the total digest of the solids.
There is no evidence of a strong correlation between the solid phase and the solution
cations even when exchangeable phases are accounted for. Phosphorous was not
corrected for the exchangeable phase because it was assumed that it was not present in
meaningful concentrations in this phase in the soil C horizons.
Patterns of heterogeneity could also be influenced by the weathering of rock dust
as an artifact of using the power corer. When the corer encountered rocks, it exposed
fresh mineral surfaces for weathering that possibly increased cation weathering rates
compared to undisturbed native soil. This contribution was not quantified in this study
and therefore, its effects are unknown. Nevertheless, the stoichiometry of rock dust or
the rest of the relatively unweathered regolith material would presumably be the same.
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Chapter 4: Discussion

The results suggest that the C horizon described and sampled was heterogeneous
in both texture and permeability. The layers of loamy sand material, especially at N5,
suggest that ablation till is present at W3. These sand lenses show a pattern typified by
ablation till where the movement of water from melting glaciers layered the till material
in a stratified behavior. The C horizon could also be partially comprised of basal till,
which is a denser unstratified material deposited underneath the glacier (Maine
Geological Survey, 1979). The boundary between ablation and basal till is difficult to
construct, however, the presence of ablation till in any quantity could be indicative of
important sources of preferential water flow in the C horizon. Observational results also
suggest that the C horizon has preferential flow paths based on the presence of iron
concentrations. These iron concentrations could have formed due to frequent fluctuations
in water flow that allowed alternating periods of saturation and exposure to air that could
mobilize and then oxidize iron from the surrounding soil. Mechanical analysis also
revealed differences in texture that could influence water flow in the C horizon. The
sample from between 161-173 cm at N5 appeared to be sandy in the field and proved to
be a loamy sand lens, with sandy loam materials located both above and below it in the
pit. These contrasts likely influence water flow paths in these soils. While variation in
texture could suggest preferential water flow, visible concentrations of iron found in
samples did not correlate with a change in texture. This suggests that visible iron
concentrations are not spatially associated with textural variability, at least not in a way
that has them occurring together.
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Results from the slug test measurements that characterized hydraulic conductivity
at the bottom of each pit did not correspond with changes in textural class. N5, having the
highest conductivity at depth, was a sandy loam texture. However, K8, having the next
highest conductivity, had a loamy sand texture. A larger population of observations of
texture and conductivity would be necessary to determine the relationship between
texture and permeability. N5 is located at the highest elevation for the C horizons
sampled in this watershed. The high conductivity found vertically at all locations at N5
implies that topography may be the greatest contributing factor to saturated hydraulic
conductivity. This is reinforced by the high hydraulic conductivity at H4. As previously
stated, H4 is located at the head of ridge topography. At H4, we see the formation of a
well-drained typical podzol with vertical leaching in the solum. The patterns at H4 and
N5 together lead to the conclusion that topography continues to play the key role in water
transport throughout the watershed. Values for hydraulic conductivity at W3 were
consistent with those provided by the Society of Soil Scientists of Northern New England
for the Peru soil series in New Hampshire (Society of Soil Scientists, 2009). These
published values ranged from 0.6-2 in hr -1 (~1.52 – 5.08 cm hr -1) in the B horizon and
0.06-0.6 in hr-1 (~0.15-1.53 cm hr -1) in the C horizon.
Hydraulic conductivity differences with depth in all pits reveals a continuous
transition zone between the B and C horizons. The C horizon is distinguished from the
solum because the solum horizons by definition are parent materials that show alteration
due to pedogenic processes (Soil Conservation Service: U.S. Department of Agriculture,
1993a). The measured hydraulic conductivities at W3 reveal continuity in hydrologic
properties across the B/C interface, thus suggesting a more continuous transitional zone
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into the C horizon. Data show that the C horizon is contributing hydrologically to the
watershed system. However, this study only included four points for each pit and no
replicates. Therefore, there could be considerable variability in these measurements and
this only reflects hydraulic conductivity over approximately a 15 cm zone around each
measurement point. A higher density of measurements would be required to draw
conclusions about real differences among pits in hydraulic conductivity.
Weathering of cations appeared to be highly variable with no evidence for marked
differences in mineralogy as reflected in weathering solution composition indicating a
heterogeneous C horizon. In the case of the monovalent cations, potential exchangeable
phase concentrations could be a significant component of the initial weathering solution
concentrations in this experiment. Subsequent weathering intervals would be required to
further explore potential mineralogical differences among sites, or relationships between
weathering solutions and solid phase mineralogy. Future research should also include
direct measurements of the exchangeable phase cations on the individual samples to
allow greater precision in the weathering estimates. Thus, export of solutes at the weir
from this watershed and its components appears more strongly governed by hydrology
than mineralogy.
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Chapter 5: Conclusion

This study showed that the C horizon at W3 is extensive and should not be
overlooked when evaluating the hydrology of the watershed. The C horizon is
heterogeneous in both texture and hydraulic conductivity, however, these results suggest
that topography remains the greatest influence on water flow throughout the watershed.
Hydrologic properties suggest that the B/C horizon interface is not well defined and
hydraulic conductivity does not decrease drastically across that boundary. Observational
and mechanical analysis of soils revealed the presence of ablation till at W3. For these
reasons, the C horizon appears to be contributing to the hydrologic properties of the
watershed. Mineral weathering contributions appeared heterogeneous but these findings
were limited in scope and would reveal only the most profound differences in
mineralogy, were they present. Sharp contrasts in mineral stoichiometry were not
evident. However, lack of replication here limited the precision of observations, and the
lack of initial measurements of exchangeable and extractable phases of elements limits
the accuracy of estimates from weather. Further and more extensive studies of mineral
weathering that address these shortcomings could lead to a deeper understanding of the
chemical influence of deep groundwater on surface waters. Future studies should be
focused on understanding the chemical signature of mineral weathering on deep
groundwater, greater spatial resolution on hydrologic flow paths in the C horizon, and the
relative importance of these processes on surface waters.
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Chapter 6: Tables and Figures

Figure 1: Map of HBEF. W3 is located in the northeastern corner of the watershed
highlighted in green. Source: Hubbard Brook Research Foundation
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Figure 3: C horizon depths measured in centimeters and separated by variation in color
from ground surface. The depth intervals from 90-110 cm at N5 and 48-65 cm at K1d
were estimated values from nearby C horizon pit descriptions (within 1 m). The interval
from 49-88 cm at K8 is a Bh horizon and is represented by a dark grey color as well as
the interval 47-85 cm at A7 which is a Bhs. The lightest grey at the top of each profile
indicates all solum horizons with the exception of the two indicated B horizon depths.
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Figure 4: Soil textural triangle used to determine the textural class of soils based on the
% sand, silt and clay. Source: United States Department of Agriculture. All sample
textures are plotted with their respective colors. Shallow depths at each pit are
represented by a square, mid depths by a circle and the deepest depths with a triangle.
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Table 2: Particle size data showing % sand, silt and clay. Textural classes are listed for
each sample depth. All textural classes were determined using the NRCS soil textural
triangle (Figure 4).
Pit Name

Depth (cm)

% Sand

% Clay

A7

47-85

72.4

15.3

12.3 Sandy Loam

A7

151-161

63.0

15.3

21.7 Sandy Loam

A7

178-183

59.2

16.6

24.2 Sandy Loam

N5

130-135

71.6

4.5

23.9 Sandy Loam

N5

161-173

82.8

2.9

14.3 Loamy Sand

N5

188-198

55.5

12.2

32.2 Sandy Loam

H4

60-75

69.1

19.3

H4

161-179

59.5

21.5

11.6 Sandy Loam
Sandy Clay
19.0 Loam

H4

208-218

68.8

13.9

17.3 Sandy Loam

K11

50-56

69.1

2.5

28.4 Sandy Loam

K11

108-122

74.1

4.2

21.7 Sandy Loam

K11

145-153

67.3

7.6

25.2 Sandy Loam

K1d

65-69

78.9

7.6

13.5 Loamy Sand

K1d

92-95

79.8

7.6

12.6 Loamy Sand

K1d

141-147

73.6

8.8

17.6 Sandy Loam

K8

49-88

78.1

5.2

16.8 Loamy Sand

K8

133-145

82.4

4.4

13.2 Loamy Sand

K8

158-167

82.0

5.0

13.0 Loamy Sand
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% Silt

Textural Class

Figure 5: Hydraulic conductivity versus depth below the ground surface. Ground surface
was identified as the area where leaf litter was slightly decomposing. All slug test
measurements are circled. No slug test could be performed at H4 because the well was
dry during measurement period.
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Figure 6: Ratios of a. Na, b. Ca and c. Mg to Si organized by site name and pit depth
from the one week weathering extraction. Replicates were averaged and plotted as one
value. Results show heterogeneous weathering across pits and through the vertical
profile.

32

Figure 7: Correlations of the solution data from the weathering experiment samples and
the solid samples for a. Ca:K b. Ca:Na and c. Ca:P. R2 values show that there is no
correlation between the solid and the solution data. Correlations calculated on a mass
basis.
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Figure 8: Ratios of a. Na:Si b. Ca:Si and c. Mg:Si of weathering data corrected for
exchangeable Na, Ca and Mg. Ratios for corrected data also show heterogeneous
weathering across and between pits suggesting that exchangeable sources are not
influencing the cation weathering. All depths indicating a ratio of zero had a higher
exchangeable source than from the weathering experiment.
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Figure 9: Ratios of a. Ca:Na and b. Ca:K corrected for exchangeable elements.
Exchangeable elemental data are from C horizons in W3 not used in this study. Average
exchangeable elements from these samples were subtracted from the elemental
concentration in the weathering samples. R2 values indicate no correlation between solid
and solution data. Correlations calculated on a mass basis.
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Comparison of elemental concentrations in weathering solution extracted after one and
three weeks. Measurements presented in millimoles per liter. Numbers represent averages
for each element for all samples.
Week One

Week Three

(mmol L-1)

(mmol L-1)

Li

3.01E-03

6.22E-03

Na

4.88E-02

2.47E-02

Mg

6.52E-02

1.06E-01

Al

1.72E+00

1.84E+00

Si

4.55E-01

8.24E-01

P

5.90E-02

1.29E-01

K

8.89E-02

1.66E-02

Ca

5.13E-01

3.91E-01

Mn

4.96E-02

4.06E-02

Fe

8.67E-02

1.20E-01

Zn

1.55E-03

2.79E-03

Rb

2.29E-04

1.91E-04

Sr

9.34E-04

4.49E-04

Ba

3.69E-03

1.54E-03

Pb

1.02E-04

1.31E-04

U

4.71E-05

4.04E-05
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Ratios of a. Na:Si b. Ca:Si and c. Mg:Si for the weathering experiment solution extracted
after three weeks. Ratios presented are on a molar basis.
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